INTRODUCTION
The prevalence of obesity has been steadily increasing around the globe over the past 100 years, and has led to marked increases in the incidence of obesity-associated morbidities, along with the attendant increases in health care costs.
important adipose tissue-derived hormones, plays a major role in the regulation of energy intake and expenditure in terms of appetite and metabolic control, with leptin circulating levels being directly proportional to the total amount of body fat. Leptin binds to its specific hypothalamic receptors, and inhibits appetite by counteracting the effects of the orexigenic neuropeptide Y (NPY), while enhancing the synthesis of alpha melanocyte stimulating hormone (α-MSH), an appetite suppressant. The absence of leptin, or its receptor, or alternatively decreased leptin receptor signaling in the hypothalamus leads to uncontrolled food intake, resulting in weight gain and obesity. 7 Multiple isoforms of the leptin receptor (ObR) are produced as a result of the alternate splicing of the gene. Among these, the long isoform (Ob-Rb) is highly expressed in the hypothalamus, where it plays a critical role in the regulation of metabolic rate. 8 ObR signaling involves Janus kinase 2 (JAK2) auto-phosphorylation and activation of JAK2, as well as the subsequent phosphorylation of Tyr residues on the cytoplasmic region of ObR. 9 pTyr residues on ObR act as docking sites for downstream signaling proteins, such as STAT3, STAT5, and SHP-2, which then translocate to the nucleus to induce target gene transcription. 10 Dephosphorylation of JAK2 is an important mechanism for terminating leptin signal transduction, and can be induced by either increased hypothalamic expression of suppressor of cytokine signaling-3 (SOCS3) 11 or by the activity of proteintyrosine phosphatase 1B (PTB1b). [12] [13] [14] Indeed, PTPb1 has been implicated as a negative regulator of the leptin signaling pathway in the hypothalamus, 15 as evidenced by previous reports that PTP1B is elevated in high-fat-fed rats, 16 deficiency Sleep Fragmentation and Hypothalamic ER Stress-Hakim et al.
of hypothalamic PTP1B results in resistance to diet-induced obesity caused by leptin hypersensitivity in mice. Nevertheless, the use of tissue-specific PTP1B knockout further implicates the role of neuronal PTP1B in the control of whole-body leptin sensitivity and the development of leptin resistance. 15 Over the past decade, it has become clear that obesity is associated with the activation of cellular stress signaling and inflammatory pathways in multiple organs including the hypothalamus. [17] [18] [19] A key player in the cellular stress response is the endoplasmic reticulum (ER); pathological stress conditions will disrupt ER homeostasis and lead to accumulation of unfolded or misfolded proteins in the ER lumen. To cope with this stress, cells will activate a signal transduction system linking the ER lumen with the cytoplasm and nucleus, i.e., the unfolded protein response (UPR). During ER stress, the glucose-regulated protein of 78 kDa (GRP78), a molecular chaperone also known as binding immunoglobulin protein (BiP), initiates the UPR signaling cascade. After initiation by GRP78, the main UPR signaling is propagated by three ER-localized protein sensors: inositol-requiring transmembrane kinase-endoribonuclease-1α (IRE1α), double-stranded RNA-dependent protein kinase-like ER kinase (PERK), and activating transcription factor 6 (ATF6). In the resting state, GRP78 binds the N-termini of IRE1α, PERK, and ATF6, preventing their activation. Upon activation, GRP78 binds to unfolded or misfolded proteins, and releases IRE1α, PERK, and ATF6, triggering UPR signaling. The intrinsic ribonuclease activity of IRE1α results in the production of X-box binding protein-1 (XBP-1), a transcription factor that induces the expression of genes involved in restoring protein folding or in degrading unfolded proteins. However, PERK activates initiation factor 2α phosphorylation, preventing general protein synthesis through translation repression. However, under sustained ER stress, the cells may fail to resolve the proteinfolding defect and to restore homeostasis in the ER; the resultant UPR then initiates the programmed cell death machinery consisting of apoptosis and autophagy. 20 Recent lines of evidence initially described by Ozcan and colleagues 17 have revealed that obesogenic behaviors and metabolic dysfunction are promoted by the attenuation of leptin receptor signaling in the hypothalamus, via induction of ER stress and activation of the UPR. 17, 18, 21, 22 ER stress and UPR activation are also induced by sleep deprivation. 23, 24 Thus, we hypothesized that SF will induce hypothalamic ER stress, activate the UPR, and down-regulate leptin receptor signaling, thereby favoring increased orexigenic behaviors and increased weight accrual, ultimately leading to obesity.
METHODS

Animals
Male C57BL/6J mice weighing 22-25 g were purchased from Jackson Laboratories (Bar Harbor, ME, USA), were housed in a 12 h light/dark cycle (light on 07:00 to 19:00) at a constant temperature (24 ± 1°C) and were allowed access to food and water ad libitum. All the experimental procedures took place after at least 1 w of habituation to the facility and started at 8-9 w of age. The experimental protocols were approved by the Institutional Animal Use and Care Committee and are in close agreement with the (Animal Research: Reporting In Vivo Experiments) ARRIVE guidelines and National Institutes of Health Guide in the Care and Use of Animals. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Sleep Fragmentation
The device used to induce SF in rodents has been previously described 20, 25 (catalog #Model 80390, Lafayette Instruments, Lafayette, IN, USA), and uses intermittent tactile stimulation of freely behaving mice in a standard laboratory mouse cage, using a near-silent motorized mechanical sweeper. This method prevents the need for human contact and intervention, introduction of foreign objects or touching of the animals during sleep, and is therefore superior to other existing methods of sleep fragmentation. To induce moderate to severe sleep fragmentation that is present in multiple sleep disorders, we chose a 2-min interval between each sweep, implemented during the light period (07:00 to 19:00). The sweeper required 9 sec to travel the distance of the cage. Of note, four to five mice were housed in each sleep fragmentation cage to prevent isolation stress, and all mice had ad libitum access to food and water. Sleep control mice (SC) were housed in the same conditions with the sweeper turned off.
Acclimatization and Sleep Recordings
After complete recovery from surgery (supplemental material), mice were transferred to the SF devices for acclimatization and initial habituation to the sweeper movement. During habituation, the device was switched on for 15 min (twice per day) at random intervals during the light period. The recording cages were mounted on a DSI telemetry receiver (RPC-1) (DSI, St. Paul, MN, USA), which were in turn connected to an acquisition computer through a data exchange matrix. Although four mice were housed at each cage, only one of the mice in each cage was instrumented with the telemetric transponder and recorded. After 1 w of acclimatization in the cages, the magnetic switch of the transmitter was activated, and polygraphic recordings were begun at 07:00. Physiological data were continuously acquired for 24 h using Dataquest ART acquisition software, version 3.1 (DSI), at a sampling rate of 500 Hz.
Sleep-Wake Parameters
The behavior data were first scored automatically using Sleepsign software (Kissei Comtec, Japan), and records were visually confirmed or corrected as needed. Many researchers have adopted and successfully applied this software for sleepwake analyses. 25 Behavior was classified into three different states: wake (W), slow wave sleep (SWS) and rapid eye movement (REM) sleep. Electroencephalography (EEG) during W had low-amplitude, high-frequency (desynchronized) waves. During wake, electromyography (EMG) records showed gross body movement artifacts and behaviorally, animals had grooming, scratching and orienting activity. The SWS was characterized by low-frequency, high-amplitude (synchronized) EEG with a considerable reduction in EMG amplitude. The mice assumed a curled recumbent posture during this period. REM sleep was characterized by desynchronized EEG, and a drastic reduction in EMG (muscle atonia). Sleep related lowfrequency (delta) activity was also derived from the records using bandpass filtering of 1-4.0 Hz. Delta power, although not changed by SF, 25 was computed using the SleepSign software by fast Fourier transform (FFT), which was based on 512 points corresponding to 2-sec epochs, at a sampling rate of 250 Hz with Hanning as the window filter of FFT. The SWS epoch, which showed movement artifacts, were excluded when computing delta power, because EEG signals are especially sensitive to movement, with the resulting artifact specifically enhancing signals in the delta band. The mean wake episodes were computed throughout 24 h in 2 h bins. The SWS latency was determined as the time elapsed after each wake episode to the initiation of the subsequent SWS episode, and was calculated for each arousal throughout the 24-h period.
Body Weight
Body weight was measured twice weekly for a period of up to 8 w (12 mice/experimental group), and always at the same time of the day (middle of the light cycle period). Body weight gain was determined by subtracting the body weight on first day of SF exposure from the body weight on subsequent days.
Food Intake
All animals had free access to regular chow diet. Food intake was monitored on daily basis, by measuring the amount of food consumed in each cage and dividing it by the number of animals for each cage (usually three to four animals per cage). Food intake is presented as g/mouse/day.
Tissue Harvesting
At the end of each exposure, mice were euthanized using CO 2 exposures followed by cervical dislocation, the skull was rapidly opened, and the brain was extracted, immediately placed on dry ice, and the hypothalami were dissected under surgical microscopy and immediately snap frozen in liquid nitrogen (n = 6 for each group at every time point).
Western Blotting
Hypothalamic protein samples were loaded onto 6-10% polyacrylamide gel electrophoresis gels, blots were normalized using β-actin as a housekeeper. Antibodies included ATF6 from Imgenex Corporation (San Diego, CA, USA), HSP70, HSP90, GRP78, and FAT10 were obtained from Enzo Life Sciences (Ann Arbor, MI, USA), phosphorylated-STAT3, STAT3, and eIF2α from Cell Signaling Technology (Beverley, MA, USA), phosphorylatedeIF2α from Invitrogen, Life Technologies (Grand Island, NY, USA), and PTP1B, SOCS3, ObR, and β-Actin from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). For more details please see Table S1 , supplemental material.
Quantification of XBP-1 Splicing
qRT-PCR analysis was used to assess the splicing of the X-Box Protein 1(XBP-1) 26 and was performed using ABI PRISM 7500 System (Applied Biosystems, Foster City, CA, USA). Taqman primer and probes for XBP-1 were purchased from Applied Biosystems (assay #: 4351372-Mm00457360_ g1) (n = 6/condition) (supplemental material).
Plasma Leptin Levels
Leptin plasma levels were assessed in plasma obtained from blood drawn at the end of each SF exposure (19:00) directly from the hepatic vein after a fast surgical exposure following pentobarbital anesthesia (n = 10-12 experimental group). Plasma samples were kept at -80°C until assay. The assay was carried out using a commercially available enzyme-linked immunosorbent assay kit (Millipore; St. Charles, MO, USA) according to the manufacturer's instructions. The linear range was 0.2 ng/mL up to 30 ng/mL with the sensitivity threshold at 0.05 ng/mL (~3.13 pM). The intra-assay variation coefficient was up to 1.76%, and the interindividual coefficient of variation was 4.59%.
Leptin Sensitivity and Signaling
For all studies involving leptin signaling we implemented previously published protocols that were slightly modified to accommodate the current SF exposure design. 15, 27 In brief, both SF and SC-exposed mice fasted for 8 h (n = 6/experimental group), always starting at 07:00, and at 15:00 received a single intraperitoneal injection (3 µg/g of body weight) of recombinant mouse leptin (Sigma-Aldrich, St Louis, MO, USA), with normal saline being used as vehicle. All mice were sacrificed 60 min later, and the hypothalamus was harvested and processed for protein extraction as previously described. To quantify leptin signaling, immunoblotting for pSTAT3, STAT3 (Cell Signaling) and β-actin (Santa Cruz Biotechnologies), were performed.
Tauroursodeoxycholic Acid Treatment
Tauroursodeoxycholic acid (TUDCA) is a chemical chaperone that is used to stabilize protein conformation, improve ER folding capacity, and facilitate the trafficking of mutant proteins. Therefore, we used TUDCA to abrogate SF induction of ER stress and its effects on hypothalamic function. TUDCA was administered intraperitoneally (previously shown to cross the blood-brain barrier 28 ) always at the same time of the day (500 mg/kg at 08:00) starting 48 h prior to initiation of SF and throughout the duration of SF (n = 6/group). Controls for TUDCA-treated group received the same volume of vehicle by intraperitoneal injection (n = 6/group).
Protein Extraction, Immunoprecipitation, and PTP1b Activity Assay
Hypothalamic samples from both SF and SC conditions (n = 6/group) were subjected to PTP1B activity assay using commercial PTP1B assay kit (Calbiochem, EMD Millipore, Billerica,MA, USA) according to manufacturer's protocol. The protein concentration of supernatants was determined by (Detergent Compatible) DC protein assay (Biorad, Hercules, CA, USA) (supplemental material).
CCAAT/Enhancer-Binding Protein Homologous Protein Mice
CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP) was identified as an ER stress-induced transcription factor that is a significant mediator of apoptosis in response to ER stress and activation of the UPR. We used CHOP heterozygous null mice (n = 12), which lack the CHOP-mediated ER signaling, to further explore the role of SF on UPR activation and induction of ER stress. Male hemizygous CHOP −/+ mice weighing 22-25 g were purchased from Jackson Laboratories, were housed in a 12 h light/dark cycle (light on 07:00 to 19:00) at a constant temperature (24 ± 1°C) and were allowed access to food and water ad libitum. All the experimental procedures took place after at least a week of habituation to the facility and started at 8-9 w of age.
Statistical Analysis
All data are reported as mean ± standard error. Repeatedmeasures analysis of variance (ANOVA) was used to compare food intake and weight gain, one-way ANOVA followed by unpaired Student t-test with Bonferroni correction was used to compare other time course experiments. Comparison of all other quantitative data between SF and SC conditions was performed using unpaired Student t-tests. For all comparisons, P < 0.05 was considered as statistically significant.
RESULTS
Sleep Fragmentation Induces Hyperphagic Behaviors and Increases Daily Food Intake
Increased food intake that began within the first 2-4 days from the initiation of the SF exposures became manifest in SF-exposed mice.The hyperphagic behavior was maintained throughout the duration of fragmented sleep (P < 0.01; Figure 1A ). Body weight gain differences between the two treatment groups, with increased body weight accrual in SF-exposed mice emerged around 4 weeks of SF, and were sustained thereafter ( Figure 1B) . Therefore, all experiments described in the following paragraphs were performed up to 2 w of SF exposures, i.e., well before the divergence in body weight trajectories became apparent.
Sleep Fragmentation Induces ER Stress in the Hypothalamus and Activates the UPR
In time-course SF experiments, ER stress in the hypothalamus was apparent in the first 7 days of SF (n = 6/time point), and involved all three major UPR pathways (Figure 2A) . Indeed, increased in cleaved ATF6 expression (P < 0.001), increased p-eIF2α/total eIF2α expression (P < 0.001), and increased splicing of XBP1 messenger RNA (P < 0.005) emerged. In addition, the expression of downstream proteins including the molecular chaperones GRP78 (P < 0.002), HSP70 (P < 0.001), HSP90 (P < 0.001), and the downstream target of sustained UPR activation, FAT10 (P < 0.005) were all enhanced ( Figure 2B ).
Sleep Fragmentation Attenuates Leptin Receptor Signaling in the Hypothalamus, which is Restored by TUDCA Treatment
Leptin levels in plasma were increased after the first week of SF and were highest at 21 days of SF (2.86 ± 0.44 ng/mL, versus 0.96 ± 0.19 ng/mL in SC; n = 11 per group; P < 0.001) in a contextual setting of increased food intake by SF-exposed mice ( Figure 3A) , thereby suggesting altered ObR signaling. Indeed, ObR expression remained unaltered in the hypothalami of SF-exposed mice ( Figure 3B ), and was accompanied by reduced p-STAT3/STAT3 ratios in fasting conditions (P < 0.03) ( Figure 3C ). We therefore performed leptin injections, and found that SF-exposed mice exhibited significantly reduced STAT3 phosphorylation as compared to SC exposed mice that were injected with either leptin or vehicle ( Figure 3D ). Treatment of SF-exposed mice with the chemical chaperone TUDCA completely abrogated the emergence of hyperphagic behaviors, and preserved leptin receptor signaling in hypothalamus despite SF exposures ( Figure 3D ). Of note, TUDCA (Intra peritoneal) IP administration was found to attenuate the early increase in ER stress induced by SF, with attenuation of ATF6 and GRP78 after 12 h of IP TUCDA administration (data not shown). To further explore potential downstream signaling mechanisms that may underlie ObR resistance during SF, SOCS3 and PTP1B expression were assessed. Although SOCS3 expression remained unaltered by SF ( Figure 4A ), significant increases in PTP1B expression emerged over time (P < 0.04; Figure 4B ). PTP1B activity assays further confirmed increases in PTP1B activity in SF-exposed mice (P < 0.05; Figure 4C ). Furthermore, SF-exposed mice failed to develop increases in PTP1B expression and activity when treated with TUDCA, suggesting that the anticipated increases in PTP1b activity did not occur after TUDCA treatment in SF-exposed mice.
Effect of Sleep Fragmentation on Leptin Signaling in CHOP Hemizygous Null Mice
CHOP −/+ KO mice exposed to SF displayed similar eating behaviors than SC-exposed CHOP −/+ mice ( Figure 4E ; SF: Daily food intake (g/mouse)
Body weight gain (g) 3.19 ± 0.06 g chow/mouse/day versus 3.07 ± 0.07 g chow/ mouse/day in SC conditions; n = 6/group; P > 0.05). In parallel experiments, wild-type littermates exposed to SF showed increased food intake compared to control conditions ( Figure 4D ; SF: 4.08 ± 0.06 g chow/mouse/day versus 3.36 ± 0.07 g chow/ mouse/day in SC; n = 6 per group; P < 0.001). However, both wild-type mice and CHOP −/+ KO mice exposed to SF displayed similar alterations in sleep structure, i.e., increased arousals in the absence of sleep duration curtailment or sleep state distribution (Table 1 ). To further confirm that the differences in leptin receptor sensitivity between SF and SC in wildtype mice were indeed ascribable to SF-induced UPR responses, we performed leptin injections in all four treatment groups. As anticipated, wild-type mice exposed to SF exhibited the same reductions in leptin injection-induced STAT3 phosphorylation. In contrast, CHOP −/+ mice injected with leptin showed not only higher phosphorylation of STAT3 in SC conditions, but also exhibited no alterations in STAT3 phosphorylation responses to leptin injections when exposed to SF ( Figure 4D ). Furthermore, no changes in PTP1B activity occurred in the hypothalamus of CHOP −/+ mice exposed to SF for 3 w (n = 6/group; SF: 112.3 ± 13% versus SC: 110 ± 11.7%; P, not significant).
DISCUSSION
Obesity is an escalating problem that constitutes a major threat to global human health. In this context, altered sleep has emerged as a potentially important contributor, even though the mechanisms linking fragmented sleep patterns and obesity have not been elucidated. In the current study, we show that mice exposed to chronic sleep fragmentation during their natural sleep period exhibit increased daily food intake and reduced leptin receptor signaling in the hypothalamus that appear to be mediated by ER stress and activation of the UPR despite the absence of sleep curtailment. Furthermore, administration of Sleep fragmentation induced temporal changes in endoplasmic reticulum (ER) stress in the hypothalamus, across the three major UPR pathways (n = 6) as shown in a representative time course Western blot with an increase in cleaved ATF6 expression (P < 0.001), p-eIF2α expression (P < 0.001), and splicing of XBP1 messenger RNA levels (P < 0.005) when compared with sleep control conditions (SC). (B) A time course Western blot showing the expression of downstream proteins such as GRP78 (P < 0.002), HSP70 (P < 0.001), HSP90 (P < 0.001), and FAT10 (P < 0.005), that also exhibited increased expression levels in hypothalamic extracts after SF compared with SC conditions, in all blots β-actin expression was used as the house keeping control. ATF6, activating transcription factor 6; eIF2α, eukaryotic initiation factor 2; FAT10, HLA-F adjacent transcript 10; GRP78, glucose-regulated protein of 78 kDa; HSP70-70, kilodalton heat shock protein; HSP90, 90 kilodalton heat shock protein; UPR, unfolded protein response.
TUDCA, a chemical chaperone, to wild-type mice undergoing SF exposures, or alternatively SF exposures of CHOP −/+ mice revealed abrogation of the orexigenic behaviors and preservation of hypothalamic ObR sensitivity despite similar disruption of sleep and resultant sleepiness by the SF paradigm. These findings implicate ER stress and activation of the UPR response in the hypothalamus as an important determinant of the altered energy homeostasis that ultimately results in obesity in the context of fragmented sleep.
Several studies in humans have shown that shortened sleep duration in otherwise healthy individuals is associated with alterations in hedonic food preferences, overall increases in food intake, in the context of globally preserved energy expenditure, thereby promoting increased obesogenic tendencies. [29] [30] [31] [32] [33] Furthermore, such changes appear to also occur in the context of acute, short-lasting sleep fragmentation/deprivation.
34, 35 The current study focuses on chronic sleep fragmentation, a more prevalent pathological condition of sleep that is present in multiple common disorders (e.g., sleep apnea, depression, asthma), all of which have been associated with obesity and metabolic dysfunction. Recently, Wang et al. showed that chronic SF in mice induces an increased weight gain and an increase in both visceral and subcutaneous adipose tissue volumes as assessed by MRI approaches. 36 Of note, our current study focuses on the early hyperphagic phase, and investigates the early changes in hypothalamic function that eventually will promote weight gain and metabolic dysfunction.
The presence of increased markers of ER stress in the context of disrupted and deprived sleep is not novel, and has been reported previously. [37] [38] [39] [40] [41] However, all of these studies addressed the acute effects of sleep deprivation (usually a few hours) rather than sleep fragmentation, and primarily, if not exclusively, focused on cortical structures. In a recent review, Naidoo summarized published studies on ER stress and sleep and concluded that during acute sleep deprivation there are adaptive mechanisms that are upregulated and serve to protect neurons from injury. 41 However, in the context of chronic sleep disturbances such as the sleep disruption/fragmentation that occurs with aging or sleep apnea, it is likely that the sustained nature of ER stress associated with chronic sleep perturbations that can develop in these disorders and others may result in extensive neural dysfunction or cellular losses. 37 We now present initial evidence that ER stress peaks after several days of SF, and is associated with not only activation of the UPR response, but also with evidence of leptin resistance and consequent functional deficits in homeostatic regulatory functions such as energy balance, ultimately leading to obesity.
In our current experiments, SF induced ER stress and activated all three major pathways of the UPR response, ultimately leading to increased expression of molecular chaperones that can rescue misfolded proteins by breaking up aggregates and assisting in the refolding process, while proteins that cannot be rescued by refolding are delivered to the ubiquitin-proteasome pathway by other chaperones for recycling. 42, 43 As such, earlier activation of the UPR pathways followed by delayed increases in GRP 78 and HSP70 and HSP90 were anticipated, because among the cellular pathways involved in protection against oxidative and nitrosative stress, the heat shock proteins family plays a key role, particularly in brain cells. 44, 45 It will be important in future studies to explore the specific proteins that are targeted for degradation by the proteasome in the context of the sustained ER stress induced by SF, and which among those proteins plays a leading role in hypothalamic neurons to induce the deregulation of food-seeking behaviors and increased food intake observed herein. The hypothalamus plays an essential role in the control of appetite and energy metabolism, via tightly regulated sensing of fluctuations in body energy levels through hormones, nutrients, and the autonomic nervous system, and under complex feedback signaling loops dictates coordinated adaptive responses to preserve energy balance. 46 The adipocyte-derived hormone, leptin, is viewed as one of the most critical factors relaying peripheral energy state information to the hypothalamus, and the absence of leptin and its receptors leads to hyperphagia and morbid obesity in both rodents and humans. [47] [48] [49] Conversely, leptin administration successfully suppressed appetite and reduced excessive fat in obese rodents and humans with genetic leptin deficiency. 50 However, obese individuals generally exhibit elevated circulating leptin concentrations, indicating the presence of leptin resistance rather than deficits in leptin. 51 Current results show that mice exposed to SF develop hyperphagic behaviors and leptin resistance (high leptin levels and reduced STAT3 phosphorylation after leptin injection), and that such SF-induced effects were abrogated by treatment with a chemical chaperone or via transgenic ablation of CHOP. The mechanistic link between ER stress and leptin resistance has been previously demonstrated in the context of high-fat diet, 17 but this is the first study to link sleep perturbations to leptin resistance via ER stress-mediated pathways. Further exploration of potential mechanisms underlying the negative regulators of ObR signaling such as SOCS3 and PTP1B revealed that although SOCS3 expression and phosphorylation remained unaltered, progressive increases in PTP1B expression and PTP1B activity occurred in SF-exposed mice, but not in TUDCAtreated mice or in CHOP −/+ mice exposed to SF. Increases in PTP1B expression and activity as elicited by SF exposures further suggest this signaling pathway as a major mechanism promoting increased food intake, weight gain, and metabolic dysfunction in the context of sleep perturbations. We therefore believe that it will be interesting in future studies to assess the effects of SF using organ-or even cell-specific PTP1B null mice to dissect in greater detail the mechanisms underlying the effects of SF. In this context, the feed-forward and feed-back mechanisms associated with PTP1B activity and ER stress need to be incorporated into the experimental approaches, especially when considering that PTP1b can directly elicit ER stress, as shown by Agouni et al. in the context of liver ER stress. 52 This is in contrast with the effects of high caloric diets, which activate the ER stress and the UPR, but seem to induce overtime, implicating upregulation of PTP1B as a putative mechanism underling attenuation of leptin receptor signaling in SF. Not only protein levels were high, but PTP1B activity was also increased (C) after 3-w SF exposures in mice (i.e., before weight increases occur) (P < 0.05); this increased PTP1B activity following SF was abrogated by treatment with the chemical chaperone TUDCA. (D) Representative Western blot of STAT3 phosphorylation in hypothalamic tissues from CHOP −/+ and CHOP +/+ mice treated with saline or leptin and exposed to either SF or sleep control (SC) for 3 w. CHOP −/+ mice exposed to SF for 3 w exhibit unaltered leptin receptor sensitivity compared to the reductions in STAT3 phosphorylation responses to leptin injections in wild-type littermates exposed to SF (n = 6/group; CHOP −/+ SF versus CHOP +/+ SF: P < 0.01; CHOP −/+ SF versus CHOP +/+ SF: P < 0.01) PBS, phosphate buffered saline. (E) CHOP −/+ mice exposed to SF exhibited no significant differences in their eating behaviors compared to SC-exposed littermates (3.19 ± 0.06 g/mouse/day versus 3.07 ± 0.07 g/mouse/ day in SC; n = 6 per group; P = not significant). In contrast, wild-type littermates exposed to SF (WT-SF) demonstrated increased food intake behaviors during SF (4.08 ± 0.06 g/mouse/ day versus 3.36 ± 0.07 g/mouse/day in SC; n = 6 per group; P < 0.001). CHOP, CCAAT/ enhancer-binding protein (C/EBP) homologous protein; PTP1B, protein-tyrosine phosphatase 1B; SOCS3, suppressor of cytokine signaling-3; TUDCA, tauroursodeoxycholic acid.
leptin resistance via upregulation of SOCS3. 53 However, we should also be cautious about the extrapolation of current findings from a murine model to human sleep disorders, particularly in light of the large discrepancies reported for the transition of a priori effective therapies from mouse to patients. 54 In summary, the current study provides compelling evidence supporting a novel pathway involving ER stress and the UPR that links sleep integrity, rather than just sleep duration to obesogenic behaviors and leptin resistance in mice. Figure 5 illustrates this putative relationship, showing that SF induces ER stress, activates the UPR, and down-regulates leptin receptor signaling in the hypothalamus, most probably through the PTP1B signaling pathway. Current findings further highlight the role of preserved and intact sleep architecture in the hypothalamic regulation of energy balance.
ABBREVIATIONS
α-MSH, alpha melanocyte stimulating hormone ATF6, activating transcription factor 6 CHOP, CCAAT/enhancer-binding protein (C/EBP) homologous protein CHOP +/+, wild type mice CHOP −/+, CHOP heterozygous null mice CHOP −/−, CHOP homozygous null mice ER, endoplasmic reticulum eIF2α, eukaryotic initiation factor 2 FAT10, HLA-F adjacent transcript 10 GRP78, glucose-regulated protein of 78 kDa HSP70, 70 kilodalton heat shock protein HSP90, 90 kilodalton heat shock protein IRE1α, inositol-requiring transmembrane kinase-endoribonuclease-1α activates the leptin receptor signaling via the JAK/STAT cascade, which elicits STAT3 (pink circles) binding and translocation into the nucleus to act as a transcription factor by binding to specific response elements in the promoter of its target genes, aiming to inhibit food desire. Upon the introduction of sleep fragmentation, endoplasmic reticulum (ER) stress is induced, driving the activation of the unfolded protein response (UPR) ultimately leading to increased expression and activity of PTPB1. As shown on the right side, those changes are accompanied by decreased leptin receptor sensitivity in the hypothalamus, which is evidenced by the accumulation of leptin (yellow triangles), along with lower expression of STAT3 (pink circles), manifesting as increased food consumption, the latter ultimately promoting the emergence of obesity. JAK2, Janus kinase 2; ObR, leptin receptor; P, phosphorylation; PTP1B, proteintyrosine phosphatase 1B; STAT3, signal transducer and activator of transcription 3. 
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